Angioinvasion is a hallmark of mucormycosis. Previously, we identified endothelial cell glucose-regulated protein 78 (GRP78) as a receptor for Mucorales that mediates host cell invasion. Here we determined that spore coat protein homologs (CotH) of Mucorales act as fungal ligands for GRP78. CotH proteins were widely present in Mucorales and absent from noninvasive pathogens. Heterologous expression of CotH3 and CotH2 in Saccharomyces cerevisiae conferred the ability to invade host cells via binding to GRP78. Homology modeling and computational docking studies indicated structurally compatible interactions between GRP78 and both CotH3 and CotH2. A mutant of Rhizopus oryzae, the most common cause of mucormycosis, with reduced CotH expression was impaired for invading and damaging endothelial cells and CHO cells overexpressing GRP78. This strain also exhibited reduced virulence in a diabetic ketoacidotic (DKA) mouse model of mucormycosis. Treatment with anti-CotH Abs abolished the ability of R. oryzae to invade host cells and protected DKA mice from mucormycosis. The presence of CotH in Mucorales explained the specific susceptibility of DKA patients, who have increased GRP78 levels, to mucormycosis. Together, these data indicate that CotH3 and CotH2 function as invasins that interact with host cell GRP78 to mediate pathogenic host-cell interactions and identify CotH as a promising therapeutic target for mucormycosis.
Introduction
Mucormycosis is a life-threatening infection with very poor outcome despite current treatment options, which include surgical debridement of infected foci and antifungal therapy (1-3). Mortality rates for mucormycosis often exceed 40% and can approach 100% in patients with disseminated disease, persistent neutropenia, or cerebral invasion (4, 5) . Even patients who survive the infection are typically left with considerable disfigurement from surgical interventions (1, 6) . Therefore, new intervention and/or treatment therapies are urgently needed.
The disease is caused by various fungi belonging to the order Mucorales, among which Rhizopus oryzae is the most common. This organism is responsible for up to 70% of all cases of mucormycosis (3, 7, 8) . Although patients with a weakened immune system (e.g., due to hematologic malignancy, organ transplantation, or trauma such as the Joplin tornado or the Indian Ocean tsunami; refs. 1, 9, 10) , prematurity, or malnourishment (1, 11) are at increased risk of mucormycosis, hyperglycemia, diabetic ketoacidosis (DKA), and other forms of acidosis uniquely predispose patients to mucormycosis (1, 4, 12) .
Despite the differing predisposing factors, mucormycosis is characterized by the propensity of all Mucorales to invade the vasculature, resulting in blood vessel thrombosis and subsequent tissue necrosis (1, 4, 13) . Thus, fungal interaction with endothelial cells lining the vasculature represents an important step in the pathogenesis of mucormycosis. Previously, we determined that R. oryzae strains adhere to human umbilical vein endothelial cells in vitro and invade these cells by induced endocytosis (14) . We recently discovered glucose-regulated protein 78 (GRP78) as the endothelial cell receptor to which Mucorales bind during host cell invasion (15) . Elevated concentrations of glucose and iron, consistent with those seen during hyperglycemia, DKA, or other forms of acidosis, enhance GRP78 expression, leading to fungal invasion and damage of endothelial cells in a receptor-dependent manner (15) . Finally, DKA mice, which express more GRP78 in the target organs than normal mice, are protected from mucormycosis when given anti-GRP78 Abs (15) . Collectively, these results explain, at least in part, the unique mucormycosis susceptibility of hyperglycemic and DKA patients, as well as those with other forms of acidosis. In the current study, we sought to identify the fungal cell surface protein that binds to GRP78 and its role in the pathogenesis of mucormycosis. We provide evidence that the spore coat protein homolog (CotH) cell surface proteins, in particular CotH3, are the fungal ligands that mediate attachment to GRP78 during host cell invasion. Importantly, Abs against CotH protected mice from mucormycosis, which suggests that CotH is a promising target for passive or active immunotherapy. Of equal importance was the wide presence of CotH proteins among Mucorales and their absence from other pathogens, further explaining the hypersusceptibility of hosts that overexpress GRP78.
Results
Isolation of putative R. oryzae ligands that bind endothelial cell GRP78. Far-Western blot analysis (16) using recombinant human GRP78 and anti-GRP78 Abs revealed the presence of 4 bands collected from the supernatant of R. oryzae protoplasts that bound to GRP78 ( Figure 1A) . These bands were excised for protein identification by MALDI-TOF-mass spectrometry/mass spectrometry analysis. Only 4 ORFs predicted to be cell surface proteins were identified with GPI anchor sequence at the C terminus, signal peptides at the N terminus, and multiple predicted N-and O-glycosylation sites. 3 of the ORFs -RO3G_05018, RO3G_08029, and RO3G_11882 -had limited homology (17% at the amino acid level) to the CotH family of proteins, which have been implicated in spore coat formation from several bacteria (17, 18) . These were named CotH1 (RO3G_05018), CotH2 (RO3G_08029) and CotH3 (RO3G_11882). The fourth ORF, RO3G_16295, was widely present in many fungi and some bacteria without an identified function.
The predicted CotH2 and CotH3 were closely related, with 77% identity at the amino acid level, while CotH1 was more distantly related ( Figure 1B ). The fourth ORF had an overall identity of 10% to the 3 CotH proteins. Upon searching the R. oryzae 99-880 (also known as R. delemar) genome database, we found 2 more related ORFs predicted to encode GPI-anchored proteins. These were named CotH4 (RO3G_09276) and CotH5 (RO3G_01139), but were not further pursued, because their products were unlikely to interact with GRP78 (they did not show in our far-Western blot analysis) and because of their distant homology to original CotH1, CotH2, and CotH3 (20%-24% at the amino acid level).
We also examined whether this family of genes was present in other Mucorales known to cause human mucormycosis. Using primers that spanned the entire CotH3 ORF (1.9 kb), we were able to amplify bands from clinical isolates of R. oryzae 99-892, Mucor sp. 99-932, Lichtheimia corymbifera, Cunninghamella bertholletiae, and Rhi-zomucor spp. Subsequent data generated from genome sequencing projects initiated by the Broad Institute, University of Jena, University of Maryland, and Los Angeles Biomedical Research Institute confirmed our findings that orthologs of CotH1-CotH3 were present in every Mucorales genome analyzed, with percent identity at the amino acid level ranging from 49% (Mortierella verticillata CotH1 ortholog) to 82% (Rhizomucor CotH2) (Table 1) . Furthermore, partial sequence assembly of 5 other Mucorales strongly indicated the presence of this family of genes in these fungi (Table 1) . Collectively, these studies demonstrated that the CotH gene family is commonly present in Mucorales family members.
CotH2 and CotH3 are expressed during interaction of R. oryzae with endothelial cells. We reasoned that if any of the isolated proteins is a true fungal ligand for GRP78, its gene must be expressed during R. oryzae interaction with endothelial cells. Because R. oryzae germlings bind endothelial cell GRP78 (15) , we studied the expression of the CotH genes in spores and germlings. When the organism was grown in YPD broth, CotH1-CotH3 were expressed by spores; however, only CotH3 was expressed by germlings of R. oryzae (Figure 1C) . Importantly, when R. oryzae germlings were incubated on endothelial cells, only CotH2 and CotH3 were expressed, with CotH3 showing the highest level of expression (increased 16-and 4-fold compared with CotH1 and CotH2, respectively; Figure 1, D and E). Finally, expression of the fourth ORF, RO3G_16295, was below the limit of detection in R. oryzae spores or germlings in YPD or in R. oryzae germlings interacting with endothelial cells (Figure 1 , C and D). These results suggest that CotH3 and, to a lesser extent, CotH2 are putative candidates for interacting with GRP78 during invasion of human cells.
S. cerevisiae cells expressing CotH2 or CotH3 bind GRP78 and adhere to and invade endothelial cells and CHO cells overexpressing GRP78.
To study whether CotH1, CotH2, and CotH3 interact with GRP78, we heterologously expressed the genes for each of these proteins in the nonadherent/noninvasive S. cerevisiae and then tested the ability of the transformed yeast cells to bind endothelial cell GRP78. To confirm the cell surface localization of the heterologously expressed genes, we raised Abs against a 16-mer peptide (MGQTNDGAYRDPTDNN) from CotH3, which was predicted to be antigenic and surface exposed and had 78% identity to the corresponding amino acids of CotH1 and CotH2. These Abs recognized S. cerevisiae expressing each of the CotH genes, but not cells expressing empty plasmid (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI71349DS1), thereby verifying the cell surface expression of each of the CotH genes.
Next, we used the affinity purification process developed by Isberg and Leong (19) to study the ability of S. cerevisiae expressing each of the CotH genes to interact with endothelial cell GRP78. When incubated with extracts of endothelial cell membrane proteins, S. cerevisiae expressing CotH1 or transformed with the empty plasmid (control) did not bind any detectable GRP78 (Figure 2A ). In contrast, S. cerevisiae cells expressing CotH3 bound more GRP78 than did cells expressing CotH2 (Figure 2A ). These results indicate that CotH3 and, to a lesser extent, CotH2 proteins interact with GRP78 in endothelial cell extracts. Next, we examined the ability of the transformed S. cerevisiae cells to adhere to and invade endothelial cells in vitro. S. cerevisiae containing the empty plasmid or CotH1 protein had minimal adherence to and endocytosis (invasion) by endothelial cells; conversely, S. cerevisiae expressing CotH2 or CotH3 proteins had significantly increased adherence to and invasion of endothelial cells compared with the control strain ( Figure 2B ). Furthermore, cells expressing CotH3 had significantly greater ability to adhere to and invade endothelial cells than did cells expressing CotH2. To examine whether this enhanced adherence to and invasion of endothelial cells was caused by interaction with GRP78, we compared the ability of S. cerevisiae expressing CotH1, CotH2, CotH3, or empty plasmid to interact with CHO cells overexpress-ing hamster GRP78 (20, 21) . Only S. cerevisiae expressing CotH2 or CotH3 proteins had significant enhancement in adherence to and invasion of GRP78-overexpressing CHO cells, but not parental dihydrofolate reductase-deficient (DHFR-deficient) CHO cells. Again, S. cerevisiae cells expressing CotH3 protein demonstrated a greater ability than those expressing CotH2 protein to bind to and invade GRP78-overexpressing CHO cells ( Figure 2C ). Collectively, these data indicate that CotH3 and, to a lesser extent, CotH2 are potential adhesins/invasins that interact with GRP78.
CotH proteins colocalize with GRP78 during endocytosis of R. oryzae by endothelial cells. If CotH2 and/or CotH3 are the fungal ligands that bind to GRP78, they should interact with GRP78 during R. oryzae invasion of endothelial cells. Therefore, we used indirect immunofluorescence to verify that CotH proteins on R. oryzae interacted with GRP78 on intact endothelial cells during invasion. As we and others demonstrated previously (15, 22, 23) , endothelial cells expressed GRP78 on their surface ( Figure 3 ). When endothelial cells were infected with R. oryzae germlings, GRP78 colocalized with R. oryzae CotH ( Figure 3 , A and C). These findings suggest that during R. oryzae invasion, CotH proteins interact with GRP78 on intact endothelial cells.
CotH3 is a R. oryzae invasin. Because we previously showed that endocytosis of the fungus is a prerequisite for R. oryzae to cause endothelial cell damage (14, 15) , we sought to determine whether blocking the function or expression of CotH3 would protect endothelial cells from R. oryzae-induced endocytosis and subsequent damage. Endothelial cell endocytosis of R. oryzae germlings was abrogated by addition of rabbit anti-CotH3 polyclonal Abs, but not preimmune serum collected from the same animal ( Figure 4A ). Furthermore, the anti-CotH3 Abs reduced R. oryzae-induced damage to endothelial cells by >40% ( Figure 4B ). Interestingly, the anti-CotH3 Abs had no effect on R. oryzae adherence to endothelial cells ( Figure 4A ). Notably, anti-CotH3 Abs had no effect on R. oryzae respiration, germling formation, or growth (Supplemental Figure 2) .
To complement the Ab blocking studies, we sought to suppress CotH3 and CotH2 mRNA expression in order to determine their effect on adherence, endocytosis, and endothelial cell damage. We used our previously developed RNAi method (24) to suppress both genes simultaneously in 2 independent transformants (Trans 2 and Trans 6) and verified the attenuated expression of CotH pro- Numbers in parentheses denote the length of the amino acid stretch that the blast search picked out. NF, not found.
teins on the fungal cell surface by flow cytometry ( Figure 5 , A and B). Notably, these RNAi-transformed R. oryzae cells had no difference in growth rate, germination, cell size, or respiratory activity compared with wild-type or empty plasmid-transformed R. oryzae (Supplemental Figure 3) . Importantly, the reduced R. oryzae cell surface expression of CotH2 and CotH3 markedly reduced the endothelial cell endocytosis of R. oryzae germlings (Figure 3 , compare A and B). Additionally, blocking CotH2 and CotH3 expression resulted in diminished CotH staining, and these RNAitransformed cells did not colocalize with GRP78 ( Figure 3D ). Concordant with the indirect immunofluorescence experiments, we found that blocking CotH2 and CotH3 expression resulted in an approximately 60% decrease in invasion and subsequent endothelial cell damage ( Figure 6 , A and B). Collectively, these results indicate that CotH3 and CotH2 are required for maximal invasion of endothelial cells by R. oryzae. However, the finding that suppression of CotH expression did not completely block endothelial cell invasion suggests that other invasins may also be involved in R. oryzae interaction with endothelial cells.
To confirm that CotH3 and CotH2 function as invasins by interacting with GRP78, we compared wild-type, empty plasmidtransformed, and RNAi-transformed R. oryzae germlings for their ability to damage GRP78-overexpressing or parent CHO cells (20, 21) . As we previously showed (15) , wild-type R. oryzae caused considerably more damage to GRP78-overexpressing than to parent CHO cells. As expected, empty plasmid-transformed R. oryzae germlings caused a similar amount of damage. In contrast, the RNAi-transformed R. oryzae germlings, with reduced cell surface expression of CotH3 and CotH2, caused significantly less damage to the GRP78-overexpressing cells ( Figure 6C ). Collectively, these results demonstrated that CotH3 and CotH2 are cell surface proteins that mediate invasion (endocytosis) and subsequent damage of endothelial cells via interaction with GRP78.
CotH2 and CotH3 have no effect on cell wall integrity or susceptibility to phagocytes. Because some GPI-anchored proteins are required for cell wall integrity, we sought to determine whether attenuation of CotH2 and CotH3 expression affected cell wall composition and organization. We therefore determined the capacity of wild-type, empty plasmid-transformed, and RNAi-transformed R. oryzae to grow in the presence of the cell wall stressors Congo red, calcofluor white, hydrogen peroxide, SDS, and Triton X-100, and found that all strains grew similarly (Supplemental Figure 4) . These results indicate that CotH2 and CotH3 proteins are dispensable for cell wall composition and organization. Additionally, empty plasmid-and RNAi-transformed R. oryzae were equally susceptible to mouse macrophage-or neutrophil-mediated damage in vitro (Supplemental Figure 5 ), which indicates that CotH2 and CotH3 are not involved in conferring resistance to phagocyte killing.
Structural basis for CotH protein interactions with GRP78. Consistent with our biological results, computational modeling and in silico docking studies indicated substantial and specific binding of CotH3 and CotH2 to the target GRP78 protein ( Figure 7) . Interestingly, the homology models of CotH3 and CotH2 were not identical, likely owing to differences in their amino acid sequences (23% nonidentity). Nonetheless, both proteins targeted a similar α-helical bundle domain of GRP78, with the predicted CotH3 contact area being considerably larger and more conformed as a reciprocal GRP78 binding cleft than that of CotH2 ( Figure 7 ). Importantly, peptide MGQTNDGAYRDPTDNN, against which blocking Abs were raised ( Figure 4) , resided in the S. cerevisiae cells heterologously expressing CotH2 or CotH3, but not CotH1, interact with host cells through GRP78. (A) Endothelial cell surface proteins were labeled with NHS-biotin, then extracted with n-octyl-β-d-glucopyranoside in PBS-CM and protease inhibitors. Labeled proteins (250 mg) were incubated with 2 × 10 8 S. cerevisiae cells, after which unbound proteins were removed by extensive rinsing with PBS-CM. The membrane proteins that remained bound to the organisms were eluted with 6 M urea, separated on 10% SDS-PAGE, and identified by immunoblotting with anti-GRP78 Ab. (B and C) Adherence and endocytosis (determined by differential fluorescence) assays were carried out using endothelial cells (B) or GRP78-overexpressing or parent CHO cells (C) split on 12-mm glass coverslips. HPF, highpower field. *P < 0.001 vs. empty plasmid or CotH1, **P < 0.001 vs. CotH1 and CotH2, Wilcoxon rank-sum test. n = 9 from 3 independent experiments. Data are median ± interquartile range.
binding cleft. In contrast, CotH1 exhibited a minimal contact area that targeted a different facet of the GRP78 protein. Collectively, these data supported our biological observations of a hierarchical binding relationship with respect to GRP78 (in descending order: CotH3, CotH2, CotH1).
CotH2 and CotH3 are required for full virulence of R. oryzae in vivo. Because CotH3 and CotH2 encode invasins of endothelial cells, we hypothesized that these 2 genes are critical determinants of virulence. To test this hypothesis, we compared the virulence wild-type, empty plasmid-transformed, and RNAi-transformed R. oryzae using our DKA mouse model of R. oryzae pneumonia (25) . Although infection in this model is initiated by intratracheal inoculation, the infection hematogenously disseminates to other target organs, such as the brain (25) . Whereas empty plasmid-transformed R. oryzae was as virulent as wild-type R. oryzae (median survival time, wild-type, 3 days; empty plasmid, 4 days; P = 0.33), mice infected with RNAi-transformed R. oryzae had attenuated virulence, with a 10-day median survival time and one-third of animals surviving the lethal infection (P = 0.003; Figure 8A ). Additionally, mice infected with RNAi-transformed R. oryzae had significantly lower fungal burden in the lungs and brains (primary and secondary target organs; ref. 25 ) than did mice infected with wild-type or empty plasmid-transformed R. oryzae ( Figure 8B ).
To confirm that the RNAi construct inhibited CotH2 and CotH3, we assessed the pattern of in vivo expression of these genes in fungi recovered from the same mouse organs that were processed for tissue fungal burden. Relative to the fungal ACT1 housekeeping gene, CotH1 had no detectable expression in mice infected with wild-type, empty plasmid-transformed, or RNAi-transformed R. oryzae. In contrast, CotH2 expression increased 4-and 2-fold in the lungs and brains, respectively, of mice infected with wild-type and empty plasmid-transformed R. oryzae ( Figure 8C ). Furthermore, CotH3 had significantly higher expression than CotH2 in the lungs, but not in the brains, of mice infected with wild-type or empty plasmid-transformed R. oryzae. Finally, fungal cells recovered from mice infected with RNAi-transformed R. oryzae had no expression of any of the CotH genes. These results indicate that CotH2 and CotH3 are expressed in vivo and that the reduced virulence in mice infected with RNAi-transformed R. oryzae is due to lack of expression of any of the CotH genes.
To compare infection severity, we conducted histopathological examination. Lungs harvested from mice infected with RNAitransformed R. oryzae had minimal inflammation and edema and lacked any apparent presence of fungal elements. In contrast, lungs from mice infected with wild-type or empty plasmid-transformed R. oryzae had abundant fungal abscesses, characterized by phagocyte infiltration and substantial edema ( Figure 8D ). Collectively, these data demonstrated that CotH2 and CotH3 are required for maximal virulence of R. oryzae.
Anti-CotH Abs are protective against R. oryzae infection in mice. To determine the potential for abrogation of CotH function as a treatment for mucormycosis, we treated DKA mice with the anti-CotH Abs that blocked R. oryzae-induced invasion of and damage to endothelial cells in vitro. Ab treatment started 2 hours before or 24 hours after intratracheal infection with R. oryzae. The efficacy of the anti-CotH purified IgG with >1:100,000 titer (determined by ELISA plates coated with the CotH peptide) was compared with that of preimmune IgG collected from the same rabbit prior to vaccination. DKA mice that received anti-CotH IgG prior to infection had marked improvement in survival compared with mice treated with preimmune IgG ( Figure 9A ). More importantly, even when the Abs were administered 24 hours after infection, 50% of mice survived ( Figure 9B ). These data validate our in vitro findings and support the development of potential immunotherapeutic interventions using CotH proteins as targets against mucormycosis.
Discussion
We previously determined that Mucorales, including R. oryzae, bind GRP78, leading to endothelial cell invasion and damage (15) . A natural progression of the GRP78 work was to identify the Mucorales ligand for GRP78. Here, we provide multiple layers of evidence that the CotH family (in particular CotH3) is the fungal ligand for GRP78. First, we identified CotH proteins using far-Western blotting using GRP78 as bait, demonstrating direct interaction with CotH. Second, heterologous expression of CotH2 and CotH3 in the nonadhering/noninvasive S. cerevisiae resulted in the yeast binding to GRP78 in endothelial cell membrane protein extracts, and adherence to and invasion of both endothelial cells and GRP78-overexpressing CHO cells. Third, CotH colocalized with GRP78 when empty plasmid-transformed R. oryzae invaded endothelial cells, whereas R. oryzae transformed with CotH2/CotH3 RNAi constructs did not. Fourth, anti-CotH Abs blocked fungal invasion and subsequent damage to endothelial cells in vitro.
Figure 4
Anti-CotH3 Abs block endothelial cell endocytosis of and damage by R. oryzae. Endothelial cells were incubated with 50 μg/ml anti-CotH3, with serum from the same rabbit prior to vaccination (preserum control), for 1 hour prior to addition of R. oryzae germlings. (A) Adherence and endocytosis (determined by differential fluorescence) assays were carried out using endothelial cells split Finally, the RNAi-transformed R. oryzae, with inhibition of CotH2 and CotH3 gene expression, had a reduced capacity to invade and damage endothelial cells and GRP78-overexpressing CHO cells.
Although heterologous expression of CotH3 and CotH2 enhanced S. cerevisiae adhesion to and invasion of host cells via GRP78, only invasion was abrogated when CotH2 and CotH3 function was interrupted in R. oryzae, not adherence. These results were concordant with our prior findings that adhesion and invasion of R. oryzae to host cells are independent processes mediated by different receptors (15) . The independence of adhesion and invasion processes has been also reported for Candida albicans (26) . The probable explanation for the adhesion function of CotH proteins when expressed in S. cerevisiae is that although CotH can mediate both adherence and invasion, in R. oryzae, other adhesins likely exist and can compensate for the loss of CotH function.
Our present results also demonstrated that CotH3 had the highest affinity to GRP78, followed by CotH2, whereas CotH1 did not bind GRP78 nor enhance S. cerevisiae interaction with host cells. This finding was expected, since CotH3 and CotH2 were closely related proteins with approximately 77% identity at the amino acid level, while CotH1 had only 46% identity to CotH2 or CotH3. Our homology modeling and in silico docking studies provided a predicted structural basis for the functional interactions of CotH3 and CotH2 with GRP78. Molecular modeling indicated that CotH3 conforms to a bimodal secondary structure that affords a corresponding and energetically favorable facet for binding to GRP78 (Figure 7) . Importantly, this region of GRP78 encompasses the amino acid sequence used to raise Abs that inhibited endothelial cell invasion in vitro and protected mice against mucormycosis (Figures 4 and 9) . Accordingly, CotH2 appears to interact with GRP78 via a smaller but substantial contact surface, consistent with our above-described biological observations. Our docking results were also consistent with the biological observation that CotH1 interacts only minimally with the GRP78 target protein.
Our in vitro data also indicated that adhesion/invasion are the primary function of the CotH proteins, since attenuation of CotH2 and CotH3 expression did not alter the susceptibility of R. oryzae to cell wall stressors, change the sensitivity of the mold to phagocyte-mediated damage, nor affect the cells' growth, respiration, germination, or size. However, Mucorales are not considered primary pathogens, but rather accidental ones when the host is immunocompromised. It is highly likely that CotH proteins primarily evolved to aid these fungi in being successful saprophytic organisms by facilitating adhesion to organic matter.
Our in vivo data demonstrated the importance of CotH proteins in virulence. The RNAi-transformed R. oryzae strain, with silenced CotH2 and CotH3, attenuated virulence in DKA mice (Figure 8) . Notably, the reduced severity of inflammation and edema of lungs infected with RNAi-transformed R. oryzae suggests that CotH2/ CotH3 may also be important for the interaction of R. oryzae with lung epithelial cells. However, approximately 60% of mice infected with RNAi-transformed R. oryzae died, which suggests the possible requirement of alternative invasins for virulence. The importance of CotH2 and CotH3 in R. oryzae virulence was further manifested in the in vivo expression of the genes relative to CotH1. CotH2 and CotH3 mRNA was expressed more highly in lungs than brains. This can be explained by the fact that, in this model, the lungs represent a primary seeded organ as a result of intratracheal inoculation, whereas brain infection happens after hematogenous dissemination occurs due to angioinvasion. The need for adhesin/ invasin expression at early disease stages is likely to be higher than that after infection is established. Most interestingly, anti-CotH Abs raised against amino acids predicted to interact with GRP78
Figure 6
Inhibition of CotH2 and CotH3 expression decreases the ability of R. oryzae to invade and damage endothelial cells and GRP78-overexpressing CHO cells. (A and B) RNAi-transformed R. oryzae germlings caused less invasion (A) and damage (B) to endothelial cells compared with empty plasmid-transformed R. oryzae. (C) RNAi-transformed R. oryzae caused equivalent damage to GRP78-overexpressing versus parent CHO cells. Conversely, wild-type or empty plasmid-transformed R. oryzae germlings caused significantly more damage to GRP78-overexpressing cells. *P < 0.005 vs. empty plasmid, **P < 0.01 vs. wild-type and empty plasmid, ‡ P < 0.01 vs. parent cells, Wilcoxon rank-sum test. n = 6 slides/group (A) or 9 wells/group (B) from 3 independent experiments. Data are median ± interquartile range.
protected DKA mice from R. oryzae infection. Collectively, these results demonstrated that CotH proteins are required for R. oryzae virulence and strongly indicate their promise as targets for development of therapeutic interventions against mucormycosis.
CotH proteins are the third identified invasins among fungal human pathogens. The C. albicans Als3 protein was reported to mediate invasion of human umbilical vein endothelial cells and epithelial cells via binding to N-cadherin and E-cadherin, respectively (27) . Additionally, Als3 protein facilitates invasion of C. albicans to brain microvascular endothelial cells via binding to the heat shock protein Gp96 (28) . The cell surface protein Ssa1 also mediates C. albicans invasion of brain microvascular endothelial cells, via binding to a receptor that is yet to be identified (28) . To our knowledge, the CotH family represents the first identified invasins in human pathogenic molds. It is interesting that despite the lack of structural homology between the CotH and Als3 families, they both bind heat shock proteins (albeit different ones) of a mammalian host. This emphasizes the diversity of fungal invasins that use similar targets to invade host cells.
We previously found that elevated iron and glucose concentrations, which are frequently seen in DKA patients, enhance GRP78 expression on the host cell surface, increasing invasion and damage of endothelial cells (15) . These data serve to explain why patients with elevated serum iron and glucose concentrations are uniquely susceptible to mucormycosis. In the present study, the CotH family of proteins was found to be highly conserved among Mucorales organisms that are known to cause invasive disease (Table 1) . CotH proteins were present in Mucor spp., Lichtheimia, Rhizomucor, Mortierella, and Lentamyces, which are known to cause invasive infections to mammals and to other Mucorales (29) (30) (31) (32) (33) (34) (35) . Notably, the CotH family was not present in any other organisms, including Conidiobolus coronatus, which was previously classified as a Zygomycete and causes superficial infections (2) . These findings serve to additionally explain why patients with elevated serum iron and glucose (e.g., DKA, other forms of acidosis, and hyper-glycemia) are uniquely susceptible to mucormycosis. Not only is GRP78 overexpressed in these conditions, but also the ligand that binds to the receptor is only present in Mucorales known to cause invasive disease. Furthermore, the uniqueness of CotH proteins to Mucorales and their in vivo expression during mucormycosis makes this protein family a prime target for developing diagnostic tools critically needed for early detection of mucormycosis (36, 37) . Investigation of CotH genes and their proteins in early detection of mucormycosis infections is currently ongoing.
In summary, we have identified the fungal ligand that binds to GRP78 host receptor during mucormycosis. CotH3 and, to a lesser extent, CotH2 were responsible for attaching R. oryzae to cell surface GRP78 during invasion of host cells. These proteins were required for full virulence of R. oryzae, and anti-CotH Abs protected DKA mice from mucormycosis. Additionally, the CotH family of proteins was universally conserved in Mucorales and absent from other pathogens. Collectively, these findings further explain the unique susceptibility of patients with hyperglycemia, DKA, and other forms of acidosis to mucormycosis. Finally, our data strongly suggest that the CotH family of genes and their products are prime targets for the development of immunotherapeutic and diagnostics strategies against mucormycosis.
Methods
Organisms and culture conditions. Several clinical Mucorales isolates were used in this study. R. oryzae 99-880 and Mucor sp. 99-932 are brain isolates, whereas R. oryzae 99-892 and Rhizopus sp. 99-1150 were isolated from lungs of infected patients and obtained from the Fungus Testing Laboratory of University of Texas Health Science Center at San Antonio. C. bertholletiae 182, also a clinical isolate, was a gift from T. Walsh (Weill Cornell Medical College of Cornell University, New York, New York, USA). L. corymbifera is also a clinical isolate obtained from the DEFEAT Mucor clinical study (38) . All wild-type Mucorales were grown on potato dextrose agar (PDA; BD Diagnostic) plates, whereas R. oryzae M16 (a pyrF-null mutant unable to synthesize its own uracil that has been previously characterized in full;
Figure 7
Comparative binding models of CotH proteins to GRP78. Models of CotH proteins were generated by homology threading from templates with known structures determined by crystallography. Molecular docking was then evaluated using CotH protein as the ligand and GRP78 as the target. The visualized water-accessible surface areas and secondary structures were energy-minimized for CotH3 (yellow), CotH2 (beige), or CotH1 (white) binding to GRP78 (green). Comparative contact areas of respective CotH proteins are shown in blue. Note the large, bimodal binding cleft in CotH3 that was also partially present in CotH2, consistent with biological findings. In contrast, CotH1 exhibited a limited contact area on a distinct aspect of the GRP78 target protein. Of interest are the comparative structural domains that may confer GRP78 interactions by differing CotH proteins. For example, each of the CotH proteins has multiple α-helical domains that appear to serve as a structural scaffold. However, the proteins differ considerably in the extent of their β-sheet conformation. For example, CotH3 exhibits an extended docking-predicted GRP78 contact facet, with little β-sheet stabilization. Conversely, CotH2 and, to a lesser extent, CotH1 contain explicit β-sheet structural domains. In the former case, this domain forms a component of the GRP78-docking facet. In the latter, the β-sheet domain does not appear to be involved in interactions with GRP78. Thus, despite similarities in their overall topology, more specific 3D aspects likely determine the capability for distinct CotH protein interactions with GRP78.
ref. 39 ) was grown on PDA supplemented with 100 μg/ml uracil. Mucorales were grown for 5-7 days at 37°C. Sporangiospores were collected in endotoxin-free Dulbecco PBS containing 0.01% Tween 80, washed with PBS, and counted with a hemocytometer to prepare the final inocula. To form germlings, spores were incubated in liquid yeast extract-peptonedextrose (YPD; 1% yeast extract [Difco Laboratories], 2% bacto-peptone [Difco], 2% glucose [Sigma-Aldrich]) medium at 37°C with shaking for 1-3 hours based on the assay. Germlings were washed twice with RPMI 1640 without glutamine (Irvine Scientific) for all assays used, except for the GRP78 affinity experiments, in which germlings were washed twice with PBS containing Ca 2+ and Mg 2+ (PBS-CM).
S. cerevisiae strain ATCC 62956 (LL-20), which is his3Δ and leu2Δ, was constructed by L. Lau (University of Illinois at Chicago, Chicago, Illinois, USA) (40) and acted as the host for CotH expression plasmids (see below). This strain was maintained on YPD supplemented with 60 μg/ml l-leucine and 2 μg/ml l-histidine. To induce expression of CotH genes, transformants were grown on yeast nitrogen base (YNB; Difco) medium supplemented with 0.5% ammonium sulfate, 2% galactose (Difco). To suppress the expression of CotH genes, 2% d-glucose was substituted for galactose. S. cerevisiae blastospores were collected in PBS after growing the organisms in the medium under investigation at 30°C overnight. Yeast cells were counted using a hemocytometer to prepare the final inocula. In all media above, 2% agar (Difco) was used to solidify the medium.
Protoplast formation and collection of R. oryzae cell wall material. To identify the R. oryzae ligand that binds to endothelial cell GRP78, we collected cell wall material from supernatants of protoplasts of R. oryzae germlings. Briefly, R. oryzae spores (6 × 10 6 ) were germinated in YPD medium for 3 hours at 37°C. Germinated cells were collected by centrifugation at 900 g, washed twice with 0.5M sorbitol, and then resuspended in 0.5 M sorbitol in sodium phosphate buffer (pH 6.4). Protoplasting solution con-
Figure 8
Inhibition of CotH2 and CotH3 expression attenuates R. oryzae virulence in DKA mice. (A) Survival of mice infected intratracheally with wild-type (n = 10), empty plasmid-transformed (n = 9), and RNAi-transformed (n = 9) R. oryzae (inhaled inocula, 2.4 × 10 3 , 2.8 × 10 3 , and 2.5 × 10 3 spores, respectively). *P < 0.003 vs. wild-type and empty plasmid, log-rank test. (B) Lungs and brain fungal burden of DKA mice (n = 9 per group) infected intratracheally with wild-type, empty plasmid-transformed, or RNAi-transformed cells (1.7 × 10 3 , 3.0 × 10 3 , and 3.1 × 10 3 , respectively). Mice were sacrificed on day +2 relative to infection, and their organs were processed for tissue fungal burden, determined by qPCR. Data are median ± interquartile range. *P < 0.001 versus wild-type and empty plasmid, Wilcoxon rank-sum test. sisting of 310 mg/ml lysing enzymes (Sigma-Aldrich), 30 mg/ml chitnase (Sigma-Aldrich), and 10 mg/ml chitosinase (US Biological) was added to the germinated spores and incubated with gentle shaking at 30°C for 2 hours. Protoplasts were collected by centrifugation for 5 minutes at 200 g at 4°C, washed twice with 0.5 M sorbitol, and resuspended in the same buffer. Incubating protoplasts in the presence of the osmotic stabilizer sorbitol enables regeneration of the cell wall, and during regeneration, cell wall constituents are released into the supernatant (41, 42) . After a 2-hour incubation period (43) , protoplasts were pelleted, and the supernatant was sterilized by filtration (0.22-μm filters) in the presence of protease inhibitors (Pierce). The supernatant was concentrated, and protein concentration was measured using the Bradford method (BioRad). Negative control samples were processed similarly, with the exception of the absence of protoplasts.
Heterologous expression of CotH genes in S. cerevisiae. Total RNA was isolated from R. oryzae spores grown on PDA plate and reverse transcribed into cDNA. The entire ORF of CotH1, CotH2, and CotH3 (see http://www. broadinstitute.org/annotation/genome/rhizopus_oryzae/MultiHome. html for sequences) were PCR amplified from cDNA using Phusion highfidelity PCR Kit (New England Biolabs) and the primers listed in Table 2 . The amplified PCR fragments were cloned into pESC-LEU yeast dual expression vector (Stratagene) in the BamHI and SalI sites downstream of the Gal1 promoter, so that expression of the putative ligands could be induced by galactose-containing medium. Cloning of each of the amplified fragments was carried out using In-Fusion 2.0 Dry-Down PCR Cloning Kit (Clontech Laboratories), per the manufacturer's instructions. The generated yeast expression vectors were independently transformed into S. cerevisiae strain LL-20 by the polyethylene glycol-lithium acetate method, and transformants were screened on the YNB medium lacking leucine. S. cerevisiae LL-20 transformed with the empty plasmid served as a control.
Cell surface localization and expression of CotH proteins. We raised rabbit polyclonal Abs against a peptide from CotH3 predicted to be highly antigenic and cell surface expressed. Peptide MGQTNDGAYRDPTDNN (which has 78% identity to CotH1 and CotH2) was coupled with KLH and used to commercially vaccinate rabbits (ProMab Biotechnologies Inc.). Purified IgG from the vaccinated rabbits was used to detect cell surface localization of CotH proteins on S. cerevisiae and on R. oryzae interacting with endothelial cells. To determine the cell surface expression of each CotH protein on the transformed S. cerevisiae, blastospores (10 5 cells/ml) from galactose-containing medium were incubated with the anti-CotH IgG at 1:100 for 1 hour on ice after a blocking step using 1.5% goat serum in PBS for 1 hour. Cells were washed 3 times with Tris-buffered saline (TBS; 0.01 M Tris HCl [pH 7.4], 0.15 M NaCl) containing 0.05% Tween 20, then counterstained with FITC-labeled goat anti-rabbit IgG at 1:100 for 1 hour on ice. The stained cells were imaged with Leica confocal microscope using an excitation wavelength of 488 nm.
To quantify the expression of CotH proteins on R. oryzae cell surface, spores were germinated in YPD for 3 hours at 37°C. Germlings were stained with the anti-CotH IgG as above, then 1-ml samples were analyzed using a FACSCalibur (Becton Dickinson) instrument equipped with an argon laser emitting at 488 nm. Fluorescence emission was read with a 515/40 bandpass filter. Fluorescence data were collected with logarithmic amplifiers. The mean fluorescence intensities of 10 4 events were calculated using CELLQUEST software (44, 45) .
Endothelial cells and CHO cells. Endothelial cells were collected from umbilical vein endothelial cells by the method of Jaffe et al. (46) . Cells were harvested using collagenase and grown in M-199 (Gibco, Invitrogen) enriched with 10% FBS, 10% defined bovine calf serum, l-glutamine, penicillin, and streptomycin (all from Gemini Bio-Products). Second-passage cells were grown to confluence in 24-or 96-well tissue culture plates (Costar) on fibronectin (BD Biosciences). All incubations were in 5% CO2 at 37°C. Reagents were tested for endotoxin using a chromogenic limulus amebocyte lysate assay (Bio-Whittaker Inc.), and endotoxin concentrations were <0.01 IU/ml. The CHO cell line C.1, derived from parental DHFR-deficient CHO cells engineered to overexpress GRP78, were a gift of A. Lee (University of Southern California Keck School of Medicine, Los Angeles, California, USA; refs. 20, 21) .
Extraction of endothelial cell membrane proteins. Endothelial cell membrane proteins were extracted according to the method of Isberg and Leong (19) . Briefly, confluent endothelial cells in 100-mm-diameter tissue culture dishes were rinsed twice with warm PBS-CM and then incubated with Ez-Link Sulfo-NHS-LS Biotin (0.5 mg/ml; Pierce) in PBS-CM for 12 minutes at 37°C in 5% CO2. Cells were then rinsed extensively with cold PBS-CM and scraped from the tissue culture dishes. Endothelial cells were collected by centrifugation at 500 g for 5 minutes at 4°C, then lysed by incubation for 20 minutes on ice in PBS-CM containing 5.8% n-octyl-β-d-glucopyranoside (w/v) (Cal BioChem) and protease inhibitors (1 mM phenylmethyl sulfonyl fluoride, 1 μg/ml pepstatin A, 1 μg/ml leupeptin, and 1 μg/ml aprotinin; Sigma-Aldrich). Cell debris was removed by centrifugation at 5,000 g for 5 minutes at 4°C. The supernatant was collected and centrifuged at 100,000 g for 1 hour at 4°C. The concentration of the endothelial cell proteins in the resulting supernatant was determined using the Bradford method (BioRad).
Binding of endothelial cell GRP78 by CotH-expressing S. cerevisiae. 8 × 10 8 S. cerevisiae cells expressing CotH1, CotH2, CotH3, or empty plasmid were incubated for 1 hour on ice with 250 μg biotin-labeled endothelial cell surface proteins in PBS-CM plus 1.5% n-octyl-β-d-glucopyranoside and protease inhibitors. Unbound endothelial cell proteins were washed away by 3 rinses with this buffer. The endothelial cell proteins that remained bound to the fungal cells were eluted twice with 6M urea (Fluka), and the supernatant was combined and concentrated to appropriate volume with a Microcon centrifugal filter (10,000 MWCO; Millipore). Proteins were then separated on 10% SDS-PAGE and transferred to PVDF-plus membranes
Figure 9
Anti-CotH Abs protect DKA mice from R. oryzae infection. DKA mice were treated with 1 mg purified IgG collected from rabbit serum after vaccination with CotH3 peptide. Abs were administered intraperitoneally to mice either 2 hours before (A) or 24 hours after (B) infecting them intratracheally with 2.5 × 10 5 wild-type R. oryzae spores. Average delivered inoculum to the lungs was 6.0 × 10 3 (A) and 3.8 × 10 3 (B) spores. n = 14 (A), 10 (B) per arm. *P = 0.005, **P = 0.02, log-rank test.
(GE Water & Process Technologies). The membrane was then treated with Western Blocking Reagent (Roche) and probed with a rabbit anti-GRP78 Ab (Abcam) followed with secondary Abs of HRP-conjugated goat antirabbit IgG (Pierce). After incubation with SuperSignal West Dura Extended Duration Substrate (Pierce), signals were detected using a CCD camera.
Colocalization of GRP78 with CotH protein on phagocytosed R. oryzae germlings by indirect immunofluorescence. We used a modification of our previously described method (15, 26) . Confluent endothelial cells on a 12-mm-diameter glass coverslip were infected with 10 5 /ml RPMI 1640 medium R. oryzae cells that had pregerminated for 1 hour. After a 60-minute incubation at 37°C, cells were gently washed twice with HBSS to remove unbound organisms, then fixed with 3% paraformaldehyde. After washing with 1% BSA (Fisher) prepared in PBS-CM, cells were incubated for 1 hour with 1:100 mouse monoclonal anti-GRP78 Ab (BD Biosciences). Coverslips were washed in 1% BSA in PBS, then counterstained with 1:100 Alexa Fluor 488labeled goat anti-mouse IgG (Invitrogen). Cells were then permeabilized for 5 minutes in 0.5% Triton X-100 and incubated with 1:100 rabbit anti-CotH polyclonal Ab for 1 hour, followed by Alexa Fluor 568-labeled goat anti-rabbit IgG (Molecular Probes) for 1 hour. After washing, the coverslip was mounted on a glass slide with a drop of ProLong Gold antifade reagent (Molecular Probes) and viewed by confocal microscopy. The final confocal images were produced by combining optical sections taken through z axis.
Interaction of fungi with endothelial or CHO cells. The number of organisms endocytosed by endothelial cells or CHO cells was determined using a modification of our previously described differential fluorescence assay (47) . Briefly, 12-mm glass coverslips in a 24-well cell culture plate were coated with fibronectin for at least 4 hours and seeded with endothelial or CHO cells until confluence. After washing twice with prewarmed HBSS (Irvine Scientific), cells were then infected with 10 5 cells of S. cerevisiae expressing CotH or R. oryzae in RPMI 1640 medium that had germinated for 1 hour. After incubation for 3 hours, cells were fixed in 3% paraformaldehyde and stained for 1 hour with 1% Uvitex (gift from J. Isharani, Ciba-Geigy, Greensboro, North Carolina, USA), which specifically binds to the chitin of the fungal cell wall. After washing 3 times with PBS, coverslips were mounted on a glass slide with a drop of ProLong Gold antifade reagent (Molecular Probes) and sealed with nail polish. The total number of cell-associated organisms (i.e., germlings adhering to monolayer) was determined by phase-contrast microscopy. The same field was examined by epifluorescence microscopy, and the number of uninternalized germlings (which were brightly fluorescent) was determined. The number of endocytosed organisms was calculated by subtracting the number of fluorescent organisms from the total number of visible organisms. At least 400 organisms were counted in 20-40 different fields per slide. 2 slides per arm were used for each experiment, and the experiment was performed in triplicate on different days. 
